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An Explosion Model Comparison with Insights from the Source
Physics Experiments

by Sean R. Ford and William R. Walter

Abstract  Seismic spectral models for chemical and nuclear explosions are used in
many applications including network modeling and yield estimation. Here we compare the
models presented in Denny and Johnson (1991) and Mueller and Murphy (1971) with each
other and with new results from the Source Physics Experiments (SPE). We demonstrate
analytically the two models are in substantial agreement for large and normally buried
explosions, consistent with much of the historic data collected during nuclear testing.
However for small and/or deeply buried explosions, the spectral predictions of the two
models can differ significantly. For example, the predicted yield of a 1-km deep, Mw 2
nuclear explosion differs by more than a factor of five, and for the same moment and depth
chemical explosion, the difference is greater than a factor of ten. We compare the models
with initial data from the Source Physics Experiments (SPE), which include small and over-
buried chemical explosions. The corner frequency of the one-ton SPE explosion (SPE-2) is
slightly higher than the Mueller and Murphy (1971) model and approximately double the
Denny and Johnson (1991) model prediction. The absolute moment of the one-tenth ton
SPE explosion (SPE-1) is near the Denny and Johnson (1991) prediction and an order of
magnitude smaller than the Mueller and Murphy (1971) prediction. The low-frequency
moment ratio for SPE-2/SPE-1 is more consistent with the Denny and Johnson (1991)
model. The results presented here show the need for an explosion source model that can
accommodate a wider range of yields and emplacement conditions.

Supplemental Online Material: Figures of moment magnitude, corner frequency and yield
for all geologic media.

Introduction

The ability to predict the expected seismic amplitudes from an explosion is important in a number of
applications including exploration and nuclear test monitoring. An analytical model for P-waves was first
developed by Sharpe (1942), based on pressure in a spherical cavity in an elastic medium. Since then a large
number of explosion source spectral models have been developed based on empirical data and theoretical
considerations (cf. Denny and Johnson, 1991). Such spectral models are used to determine network
thresholds for nuclear test monitoring and to estimate source properties, such as yield and depth of burial
from seismic data.

With the signing of the Comprehensive nuclear Test-Ban Treaty (CTBT) in 1996, and the cessation of
testing by the signatories, any future nuclear tests may be conducted outside of standard practices and it is
important to predict seismic observables for new regions and testing conditions. The development and
validation of physics-based explosion models that extend the range of the current, more empirically, derived
models is a focus of the DOE/NNSA funded Source Physics Experiments (SPE) (e.g. NNSA, 2012). The SPE
focuses on physics-based model development work supported by a new chemical explosion dataset.

We focus here on two of the most widely used far-field explosion P-wave spectral models: Mueller
and Murphy (1971), hereafter referred to as MM, and Denny and Johnson (1991), hereafter referred to as D]J.
MM developed a spectral model for several different emplacement media as a function of depth and source
size. They extended the Sharpe (1942) analytical elastic response and developed a new pressure function
applied at the elastic radius (distance from the source where the media begins to respond elastically) that
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was consistent with a wide variety of seismic free field data collected from nuclear tests. D] take a different
approach, regressing both chemical and nuclear explosion data to determine expressions for far field spectral
parameters such as seismic moment and corner frequency.

While the variety of explosion models that were developed over time indicates a certain level of
uncertainty in the accuracy of their predictions, we show here that the model differences may be greater than
commonly understood for small and/or over-buried explosions. Typical scale depths of burial for the former
Nevada Test Site are approximately 120 m/kt!/3 (e.g. OTA, 1989), while over-buried tests have larger scale
depths of burial. Recently numerical model results have also indicated some differences with the historical
models. For example Rougier et al. (2011) showed that historical cavity radius models don't fit numerical
modeling for over-buried shots. Hydrodynamic calculations for 1-5 kt explosions in granite performed by Xu
et al (2012) show higher corner frequencies and different low-frequency moment scaling with depth than
MM and D]J.

In this paper we first compare the two explosion models analytically, writing out expressions for
moment, corner frequency and yield for each model in terms of emplacement conditions. Then we show
graphically how they compare for a wide variety of yields and depths of burial, indicating very large
differences for small and/or over-buried explosions. Finally we compare the models with initial data from the
first two SPE chemical explosions, which are over-buried. The results show neither model matches the SPE
data as well as desired.

Explosion Models

Denny and Johnson (1991) regressed a large amount of chemical and nuclear data to build their
models. D] start with a regression for cavity radius R. and relate it to measured moment M, via a ratio to

4
theoretical moment (EnpazRf) to obtain:

M(?J — 4-2743XIOIOWa2B—].]544P—O,438510—0.0344GPp’ (1)

where M, is in N-m and W is yield (kt), Bis shear velocity (m/s), P is the overburden pressure (Pa) and is
equal to p,gh where p, is the overburden density (average density to shot point in kg/m3), g is gravity (9.8067
m/s?)and & is the DOB (m), GP is the gas-porosity (%), p is the shot-point density (kg/m3) and « is
compressional velocity (m/s).

They also relate cavity radius to the source radius defined as /7, so that the corner frequency f: is

given by:
J(CDJ — 0.2045W—l/3ﬁ—0.0642P0.5522 IOO.OOZSGPP—O.724S , (2)

where f. is in Hz. Finally, Johnson (1994) rearranged the D] relations to find yield, W:

WDJ — 2940 % 10—]0[3].]544P0.4385 1()().03|44G}’\I;°c , (3)

where W_ is the static reduced displacement potential (m3) which is equal to My/4mpc’.

Mueller and Murphy (1971) assume scaling in amplitude and yield and produce empirical constants
to calculate the spectra for various media. Stevens and Day (1985) interpret the constants for a set of
standard media given in Murphy (1977) and derive the seismic moment from the long-period limit of the
reduced displacement potential to get

MM™ =3.1416W Yo B RIPHRT (4)

where Py, hy, and R, are empirical constants for different media and are given in Table 1 from Stevens and Day
(1985).
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The elastic radius is inversely proportional to source corner frequency so that
f;,MM — 0'1592W—l/3aR0—lh(;l/nh]/n (5)

given in Hz, where n is another empirical constant for a given media and is stated in Table 1. Finally, the
Stevens and Day (1985) relations can be inverted to find yield as a function of static reduced displacement
potential,

WMM — 4.9207pl.I494ﬁ2,2989R(;3.4483P0—1.1494]/1(;0.3831}10.3831\{121494 . (6)

Model Comparison for Canonical Media

We compare the source parameters, seismic moment and corner frequency, derived from MM and DJ
using the four canonical media parameters given in Table 1. Stevens and Day (1985) state that these are the
parameters used in deriving the empirical constants also given in Table 1.

In order to compare with the D] model, which additionally requires GP and p, (via P), we reference
Springer (1966) for GP and assume that overburden density is approximately equal to shot-point density at
the depths investigated in this study. As we show later, the results aren’t too sensitive to this assumption.
Figure 1a shows the DJ- and MM-predicted moment magnitude My, (M,, = 0.6667 log,y(M,) — 6.0633) as a
function of burial depth and yield for the granite model. Figure 1b shows the difference in the predictions. At
the standard containment practice of scaled depth of burial (sDOB) of ~120 m/kt!/3 for shots >20 kt, the
difference is <0.1 magnitude unit. However, for over-buried (e.g. sSDOB=1000 m/kt!/3) small (<1 kt)
explosions the difference is >0.2 magnitude units.

Figure 2a shows the DJ-predicted corner frequency in Hertz as a function of burial depth and yield for
the granite model. Since both models contain cube-root yield scaling (f, ~ 1/W'"?) their ratio is not dependent
on yield and we can plot their ratio versus DOB as is done in Figure 2b. Since MM was built with nuclear data
only, we also show a comparison where the yield for MM is doubled as is predicted by chemical/nuclear
equivalency studies (Denny, 1994) and numerical calculations (e.g., Xu et al., 2012). Note that D] was built
using both chemical and nuclear data, and D] state “no evidence was found in this study to suggest that
chemical and nuclear explosions are significantly different,” so no change is made to the D] model for
chemical explosions.

We can take the ratio of eqs (3) and (6) to examine the nuclear yield difference between the D] and
MM models as a function of seismic moment and depth. This ratio is given by

w 2.940 x 10"0\Pﬁ1‘1544P0A4385 10003467
wM B 4.9207\P1-1494ﬁ2-2989p1.1494h0.3831h0413831]_-,04_1494R63_44x3

(7)

If we assume the shot point density is equal to the overburden density in P then we can reduce eqn (7) in
terms of depth of burial and seismic moment to

WD! h0.0554

= F (8)
WMM M(()).14)4

where F is a medium dependent constant given by

F= 8552 % 10—]0100.0344GP h(()).SSSIPOI.]494R3.4483a0.2988ﬁ—l.1445p—0.5615 . (9)

F for the canonical media is given in Table 1. Figure 3 shows this yield ratio of the differences between the
models as a function of depth of burial and moment magnitude

The models are most disparate for small magnitude explosions and great depth. For example, the D]
yield prediction for a Mw=2 at 1 km depth is ~10 tons (black line, Figure 3a), which is ~5% times greater than
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the MM nuclear yield prediction (Figure 3b). If the comparison is made for a chemical explosion, the yield
ratios in Figure 3b should be multiplied by a chemical/nuclear yield scaling factor to account for the nuclear-
derived MM model, and no change is needed for the D] model since it makes no chemical/nuclear distinction.
For example, if the scaling factor is two as mentioned above, the MM chemical yield estimate for a Mw=2 is
~11 times smaller than D] estimate of 10 tons at 1 km depth.

Model Comparison with the Source Physics Experiment

The Source Physics Experiments (SPE) at the Nevada National Security Site (NNSS) are a series of
chemical explosions intended to enhance our physical understanding and ability to quantitatively model
seismic signals from explosions with the goal of improving nuclear test monitoring capabilities (NNSA, 2012,
Snelson et al,, 2012). These tests are sponsored by the U.S. Department of Energy, National Nuclear Security
Administration’s National Center for Nuclear Security. The SPE offers a chance to examine explosion seismic
signals generated at a wider variety of depths and geologies than exists for local and regional distance nuclear
test data. The first SPE explosions took place in the granitic rock of the Climax Stock, in northern Yucca Flat
(Figure 4 and Table 2).

All shots were recorded on a local network of geophones and intermediate period seismometers
deployed along radial lines at five different azimuths. The raw waveforms of SPE-1 and -2 recorded at the
nearest intermediate period stations along Lines 1-4 at 2 km and along Line 5 at 1.6 km (no Line 5 station at 2
km) are given in Figure 5. Low-frequency band-pass filtered traces from SPE-2 are given in Figure 6. The
close proximity and smaller size of SPE-1 allows it to be used as an empirical Green function or transfer
function for the SPE-2 data to eliminate path effects on the observed spectra. Note that in using the transfer
function (ratio of SPE-2/SPE-1) any chemical/nuclear scale factor is in common and drops out. A similar
approach was taken by Denny (1998) to investigate the corner frequencies of the Kazakhstan Depth of Burial
Experiment (KDOBE), where he found DJ-predicted corner frequencies to be lower than observed.

We use two seconds of data recorded on the intermediate period sensor and calculate the transfer
function (ratio of SPE-2/SPE-1) between SPE-1 and SPE-2 with the multitaper spectral measurement
package, mtspec (Prieto et al,, 2009). Figure 7 shows the SPE-2/SPE-1 transfer function estimated for each
component along each line at 2 km, and at 1.6 km on Line 5, along with predictions for the ratio in the long-
period limit. DJ-predicted long-period ratios are given by the ratio of yields and MM-predicted ratios are
given by the ratio of yields to the power of 0.87. The predicted corner frequencies of the large shots are also
plotted where we have to assume near-source parameters, which are given in Table 2, and a
chemical/nuclear yield scale factor of two for MM. The long-period ratio of the data falls close to the DJ-
predicted value and is greater than the MM prediction. The observed SPE-2 corner frequency is significantly
larger than the D] prediction and only slightly higher than the MM prediction. If the observed corner
frequency were used with the D] model to estimate the depth of the explosion, it would be significantly over-
estimated.

The log-average of the SPE-2/SPE-1 transfer function is plotted in Figure 8, along with the predicted
MM and DJ spectral ratios, where the D] spectra are assumed to have a Brune-like shape (low-frequency limit
and high-frequency fall-off proportional to frequency-squared) with long-period limit and corner frequency
defined by the models. Townsend et al. (2012) report a range of near-source parameters for different
measurement methods and agencies. Given this uncertainty, we calculate the transfer function SPE2/SPE1
ratio for the whole range of values of compressional velocity, shear velocity, density, and porosity of 4700 to
5928 m/s, 2900 to 3700 m/s, 2635 to 2670 m/kg3, and 0.7 to 3.2%, respectively. The range of transfer
functions is plotted as the gray-shaded region in Figure 8. These variations only affect the SPE2/SPE1 corner
frequency, where D] ranges from 9.0 to 9.4 Hz and the MM from 12.3 to 15.7 Hz. As eqn (2) shows, the DJ
model is not as dependent on near-source velocity. Again, the observed low frequency or moment level is
close to the D] prediction and significantly above the MM prediction, but the D] model under-predicts the
corner frequency.

In order to understand the absolute predictions of both models we create synthetic explosion
recordings (with the program FKRPROG [Saikia, 1994]) and compare them with low-frequency recordings on
intermediate-period 3-component seismometers. We compare with SPE-1 since the discrepancy in the
models is most evident for small explosions at great depths (Figure 1). W is directly related to M, and
displacement is proportional to moment-rate, where we assume a static moment and a point-source, which is
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appropriate at these low-frequencies. We create synthetics for three simple one-dimensional velocity models
(Table 3). Velocity model 1 is a simple weathered layer over granite derived from data presented in
Townsend et al. (2012). Velocity model 2 is from the study of Rowe et al. (2012) and velocity model 3 is from
the Rg dispersion work of Patton (2012).

We compare the radial and vertical waveforms predicted for the near-source parameters given by
the models for DJ-predicted seismic moment with the data at the station on Line 5 in Figure 9 and with MM-
predicted moment in Figure 10, where a chemical/nuclear scale factor of two is applied. The seismic
moments for each velocity model and prediction are given in Table 3. While there are some small differences
in the phase, the amplitudes for the D] model in Figure 9 are in reasonable agreement with the data for all of
the velocity models. In contrast the MM amplitudes in Figure 10 are much larger than observed. We note that
the near-source velocities in Models 2 and 3 are below the range presented in Townsend et al. (2012), and the
MM-predicted waveforms from these models are even larger those from Model 1. These results indicate the
low frequency MM mismatch with the observations holds even given the uncertainties in the velocity models.
If the MM model were used to estimate the chemical yield from the observed SPE-1 low frequency level, it
would over-estimate the yield by greater than a factor of ten. While the D] model matches the chemical
explosion moment level, its lack of a chemical /nuclear scale factor means it likely would over-predict small
nuclear test data, assuming the chemical/nuclear factor of about two observed in the 1993 NPE 1 kt chemical
explosion applies for the SPE yields and depths. Similar results were found by a preliminary analysis of the
KDOBE with absolute moments in agreement with Patton et al. (2005).

Finally we note that there is significant energy on the transverse components at all stations shown in
Figure 6, which is not predicted by any isotropic explosion model. With the exception of the station at Line 3,
which lies along a geologic contact, the low-passed radial and vertical component data are similar in
amplitude and phase. An improved physical understanding of the relative contributions to the transverse
energy from near-source effects, free-surface interactions (e.g. spall) and far-field scattering/conversions is a
major goal of the SPE and the subject of future work.

Conclusions

The D] (Denny and Johnson, 1991) and MM (Mueller and Murphy, 1971) explosion source models
predict similar P-wave spectra for large (>20 kt) explosions at normal scaled depth of burial (~120 m/kt 1/3),
but deviate from each other significantly for small and or over-buried explosions. Consequently, estimates of
yield from observed data or determinations of monitoring network thresholds would be significantly
different for small and/or overburied explosions depending upon which model was used. For example, the
predicted yield of a 1-km deep, Mw 2 nuclear explosion differs by more than a factor of five, and the same
moment and depth chemical explosion results in a difference greater than a factor of ten. D] underestimates
the observed corner frequencies of the SPE-2 chemical explosions by about a factor of two, while the
observed moment of SPE-1 is overestimated by an order of magnitude by MM. The observed moment ratio of
SPE-2/SPE-1 are more consistent with the D] model. For the D] model, its mixing of chemical and nuclear data
without the chemical/nuclear scale factor of about two observed in the 1993 NPE, indicate D] would likely
overpredict small nuclear moment and yield values. The large differences between these explosion source
models and the SPE data for small and/or over-buried explosions, together with the lack of models to predict
S-wave and Rayleigh observations, point to the need to develop new explosion models valid for a wider range
of yield and emplacement conditions.

Data and Resources
The SPE project is following an IRIS PASSCAL two-year data hold policy and then plans to make the

data widely available.
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Table 1. MM71 empirical constants and parameters from Stevens and Day (1985) via Murphy (1977)

Media P,[Pa]  hy[m] n a[m/s] Blm/s] plkgm’] GP[%]" F*
Tuff/Rhyolite 5.0 x 106 122 2.40 3500 2021 2000 6 1021
Granite 2.4x106 122 2.40 5500 3175 2550 1 869
Salt 0.8x106 122 1.87 4670 2696 2200 0.5 1085
Shale 2.5x106 122 2.40 4320 2495 2350 0.5 1116

# from Springer (1966)
+see eqn (9)

Table 2. SPE near-source parameters (from Townsend et al., 2012)

Shot  Depth [m] «[m/s] p[kg/m’] GP[%]* SHANFO![lbs] W[TNT-equivalent? kg]
SPE-1 54.9 5900 2630 1 220.92 85.17
SPE-2 45.7 5900 2630 1 2571.96 991.63
* Assumed values
1 Sensitized Heavy Ammonium / Nitrate Fuel Oil
2 SHANFO/TNT = 0.85 (ARA, 2012)
Table 3. SPE 1-D velocity models
Name Source Thick « B p 0, Qp MP MM
[m/s] [m/s] [kg/m’] [nAk] [nAK]
(Wspg-1 | 2XWspg-1)
Model1 Townsend etal. (2012) 4500 2900 2610 300 150 485 251.7|460.1
5900 3600 2630 600 300
Model 2 Rowe etal. (2012) 750 375 2300 150 75 525 3733|6823
1050 525 2300 150 75
2500 1389 2500 300 150
4750 2380 2800 600 300
6500 4200 2800 600 300
Model 3 Patton (2012) 1300 700 2580 200 100 44.8 306.3|559.7
4700 2600 2630 600 300

Note: 1 Ak =1018 N-m
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Figure 1 (m2). a) DJ- and MM-predicted nuclear explosion My, (black and gray lines, respectively) for the
granite model (see Table 1) as a function of depth of burial (DOB) and yield (W). b) M,, difference between D]
and MM nuclear predictions for granite model (see Table 1) as a function of depth of burial (DOB) and yield
(W) where scaled DOB (sDOB) contours (dotted lines) for standard burial practice (~120 m/kt/3) and

overburied explosions (~1000 m/kt!/3) are also plotted.
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Figure 2 (f). a) DJ-predicted explosion f, in hertz for the granite model (see Table 1) as a function of depth of
burial (DOB) and yield (W) where scaled DOB (sDOB) contours for standard burial practice (~120 m/kt!/3)
and over-buried explosions (~1000 m/kt!/3) are also plotted. b) Ratio of DJ- to MM-predicted nuclear
explosion f.. Since both models have cube-root yield dependence their ratio is only a function of DOB. Solid
line is the ratio for chemical explosions where for MM the chemical/nuclear yield factor is two, while the DJ
model is the same for chemical and nuclear explosions.
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Figure 3 (w). a) DJ- and MM-predicted yield (W) in kt (black and gray lines, respectively) for the granite
model (see Table 1) as a function of depth of burial (DOB) and moment magnitude (M,,). b) Ratio of DJ- to

MM-predicted nuclear yield at a given DOB and Mw. For chemical explosions this ratio should be multiplied by

2, the observed chemical/nuclear factor needed to apply the nuclear-derived MM model to chemical

explosions.
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Figure 4 (map). Map of the Source Physics Experiments at Climax Stock in northern Yucca Flat at the Nevada

National Security Site. Gray is granite outcrop. 50 m elevation contours. Inset is location. Inverted triangles
are station locations at 2 km distance except L5-16 that is 1.6km from the SPE epicenter.
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Line 2 Line 3 Line 4 Line 5

Line 1

Figure 5 (waveDH). Recordings of SPE-1/-2 (bottom and top trace, respectively) at the stations shown in
Figure 4. T, R, and Z refer to the transverse, radial, and vertical component, respectively. SPE-1 traces are
multiplied by 4 and each trace is 1 sec long.
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BP %2-2 Hz

Line 3

&

Figure 6 (waveBP). Recordings of SPE-2 at 2km distant station for Lines 1-4 and 1.6 km distant station on
Line 5. T, R, and Z refer to the transverse, radial, and vertical component, respectively. The raw records are
bandpassed between %2 and 2 Hz. Each trace is 2 sec long.
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Figure 7 (specratspeDH). Transfer functions of the SPE-2/SPE-1 at the 2 km distant station along each line
(see Figure 4), except Line 5 which is at 1.6 km. Spectral measurements with a coherence > 0.5 are plotted
with a circle. The DJ- (solid) and MM-predicted (dashed) ratios and corner-frequencies are also given where
the near-source parameters are from Table 2. The corner frequency in the MM model assumes a
chemical/nuclear yield factor of two.
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Figure 8 (specratspeDHmod). Coherence-weighted log-average of the vertical components compared with
the DJ- (solid) and MM-predicted (dashed) transfer functions for the minimum and maximum of near-source
parameters (shaded gray) given in Townsend et al. (2012) and discussed in the text. The MM model ratio
assumes a chemical/nuclear yield factor of two, which changes the corner frequencies, but not the long-
period ratio where the difference is factored out.
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Figure 9 (exmtdj2). Low-frequency ( %2-2 Hz) displacement at 1.6 km distant station along Line 5 compared
with DJ-predicted synthetics for three velocity models (see Table 4), where R and V are the radial and vertical
component, respectively.
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Model

Figure 10 (exmtmm5). Low-frequency ( %2-2 Hz) displacement at 1.6 km distant station along Line 5
compared with MM-predicted synthetics, where chemical/nuclear factor of two is employed for three velocity
models (see Table 3), where R and V are the radial and vertical component, respectively.
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